In recent years, hydraulic fracturing and horizontal drilling have been applied to extract crude oil from tight reservoirs, including the Bakken formation. There is growing interest in understanding the greenhouse gas (GHG) emissions associated with the development of tight oil. We conducted a life cycle assessment of Bakken crude using data from operations throughout the supply chain, including drilling and completion, refining, and use of refined products. If associated gas is gathered throughout the Bakken well life cycle, then the well to wheel GHG emissions are estimated to be 89 g CO 2 eq/MJ (80% CI, 87-94) of Bakken-derived gasoline and 90 g CO 2 eq/MJ (80% CI, 88-94) of diesel. If associated gas is flared for the first 12 mo of production, then life cycle GHG emissions increase by 5% on average. Regardless of the level of flaring, the Bakken life cycle GHG emissions are comparable to those of other crudes refined in the United States because flaring GHG emissions are largely offset at the refinery due to the physical properties of this tight oil. We also assessed the life cycle freshwater consumptions of Bakken-derived gasoline and diesel to be 1.14 (80% CI, 0.67-2.15) and 1.22 barrel/barrel (80% CI, 0.71-2.29), respectively, 13% of which is associated with hydraulic fracturing.
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life cycle assessment | unconventional resources | petroleum | hydraulic fracturing | flaring T he Bakken tight oil play extends over the Williston basin, including areas of Montana and Saskatchewan but primarily located within North Dakota. In 2000, ∼2,000 barrels (bbl) per day of Bakken crude (1) were produced on average. After the introduction of horizontal drilling and hydraulic fracturing to the region, production increased rapidly: production in 2010 was 200,000 barrels per day (of 5,475,000 barrels per day of US production), and exceeded 1.2 million barrels per day (of 9.4 million barrels per day of US production) throughout most of 2015 (2, 3) .
This rapid growth of production from the Bakken and other tight oil plays including the Eagle Ford and Niobrara has changed the global energy landscape. For example, imports of Nigerian crudes to the United States-constituting more than 10% of US crude imports in 2010 (4) -fell by more than 90% between 2010 and 2015 as a direct consequence of tight oil development (5, 6) . Organization of the Petroleum Exporting Countries (OPEC) crude imports to the United States fell by 41% over the same time interval (4) .
As production from tight oil resources has increased, there has been growing interest in the environmental impacts, particularly in association with hydraulic fracturing and flaring of associated gas, i.e., gas produced along with oil. In 2011, the US Energy Information Administration (EIA) reported that "over one-third of natural gas produced in North Dakota is flared or otherwise not marketed" (7) . In practice, there are two sources of flaring in tight oil plays: flaring due to the absence of a gas pipeline connection (lack of hookup) and flaring due to gas pipeline capacity constraints, i.e., a gas pipeline connection to the well exists, but a portion of the gas is flared due to insufficient capacity of the pipeline.
Environmental impacts associated with drilling and productionincluding flaring-are a subset of the impacts associated with any crude over its life cycle. Other impacts may be associated with refining, transportation of crude and refined products, and the final use of refined products. To estimate these impacts in a comprehensive way (i.e., cradle to grave) we use life cycle assessment (LCA) (8) . When conducted in accordance with International Organization for Standardization (ISO) guidelines, LCA yields estimates of the environmental impacts of products in terms of their function or use, which in turn allows environmental comparison with alternative products.
In this study, we assessed the cumulative greenhouse gas (GHG) emissions and freshwater consumption associated with fuels refined from Bakken crude, using functional units of 1 MJ [low heating value (LHV) basis] of two of the refined products (gasoline and diesel). To this end, we constructed a life cycle inventory for the Bakken upstream activities using well pad data from XTO Energy (an ExxonMobil affiliate). This inventory includes data for drilling, flowback, operations associated with the production of gas, water and crude, corrosion and scale inhibition, and flaring of both associated gas and tank vapors. Our LCA also uses production data from XTO Energy and more than 60 other Bakken operators in North Dakota. It also includes an inventory for the refining of Bakken crude, constructed from the open source Petroleum Refinery Life Cycle Inventory Model (PRELIM) to estimate refinery GHG emissions (9, 10) , as well as ExxonMobil data for refinery freshwater consumption. We provide these inventories among other supporting data in SI Appendix, sections 2-4.
The life of a Bakken well begins with drilling, which is typically powered by diesel-fueled equipment. Bakken wells descend about 10,000 ft before turning horizontal and extend about 10,000 ft laterally into the Middle Bakken or Three Forks formation. As the well is drilled, multiple layers of cement and steel casings are inserted to prevent loss of hydrocarbons from the completed well and prevent contamination of aquifers near the surface. Afterward,
Significance
The growth of production from tight oil plays such as the Bakken and Eagle Ford has prompted public interest in understanding the greenhouse gas (GHG) emissions and freshwater consumption associated with these resources, specifically with regard to hydraulic fracturing and flaring. Therefore, we conducted a comprehensive life cycle assessment of Bakken crude, using thousands of data from XTO Energy and other Bakken operators, establishing robust estimates of the footprint of current production practices. We conclude that flaring and hydraulic fracturing have a small impact on the life cycle (well to wheel) GHG emissions associated with Bakken and that these GHG emissions are comparable to those of other crudes. the well is completed, which includes hydraulic fracturing (11) and insertion of tubing through which the oil is produced. Well completion also includes flowback, whereby gas, crude oil, and water (including water injected during fracturing) are produced from the well until the flow of gas and liquids is steady. These produced fluids flow to a temporary three-phase separator yielding crude oil, water, and associated gas. Stabilization of the crude oil in the separator is accomplished via heating and is fueled by the associated gas that leaves the separator. Crude oil and water are sent to temporary storage tanks, and the associated gas not used as fuel for the separator is typically flared. Refracturing has not been necessary for Bakken wells to date, although individual operators have experimented with it on a case-by-case basis.
Once the flow of oil, gas, and water from the well becomes sufficiently steady, the well is connected to a permanent separator known as a heater treater with permanent storage tanks, and the production phase of the well begins. Associated gas not used at the well pad (e.g., as fuel for phase separation at the heater treater) is typically routed to a gas gathering system (pipeline). Liquid products are intermittently transported by truck to their destinations. Produced water is transported to class II salt water disposal (SWD) sites (12) . Crude oil is transported to a refinery via pipeline or by rail car. There, the crude is converted into gasoline, diesel, and other refined products, which are transported via various modes (pipeline, rail, truck, and waterway) to service stations around the United States and are used to power vehicles.
We divide the life cycle of Bakken crude into the following phases: drilling and completion, production, crude transportation, refining, transportation of refined products, and vehicle operation. We denote the first two of these as the upstream, and the first five as well to tank. We consider several Bakken operation scenarios and refining configurations in this LCA: in our base case, a pipeline for the sale of associated gas is present for the complete life of a well, with the exception of the flowback phase of well completion. However, a fraction of the gas produced will still be flared due to pipeline capacity constraints. Crude is transported by either rail or pipeline (two options) to a medium conversion refinery featuring a fluidized catalytic cracker (FCC) and no residual oil conversion (coking)-representative of many refineries that process Bakken as a feedstock. We also considered a number of scenarios to assess the sensitivity of our results to operating conditions. Among these, we considered the impacts of flaring associated gas for 3, 6, or 12 mo before connecting a well to a gas gathering pipeline. We evaluated the effect of alternative refinery configurations and alternative methods of allocating GHG emissions and freshwater consumption to upstream and refinery coproducts. We also made use of our datasets to quantify the statistical distributions and ranges of environmental impacts.
Collectively, the results of our LCA for these cases facilitate (i) comparisons with previously reported estimates of life cycle GHG emissions for gasoline and diesel sourced from other crudes and (ii) evaluation of the relative impacts of specific life cycle stages and operations from "well to wheel."
As of September 2015, 92% of the Bakken wells in North Dakota were connected to a gas gathering system (SI Appendix, section 1.1.1). Therefore, we selected our base case scenario to be a well that has a gas pipeline connection throughout production, with the exception of the flowback phase of well completion. Despite the gas pipeline connection, some gas will be flared due to pipeline capacity constraints [17% on average (13); SI Appendix, section 4.2.8]. The total upstream GHG emissions (amortized over the total volume of crude produced from the well over its lifetime) corresponding to this case are illustrated in Fig. 1 (SI Appendix, Table S25 ).
The GHG emissions associated with the Bakken upstream (44 kg CO 2 eq/bbl crude) are equivalent to those reported for the US crude slate in 2012 on a per barrel basis (14) , but the sources of the emissions differ. The emissions associated with the production of Bakken crude arise from a variety of factors. Flaring associated with pipeline capacity constraints yields 15.2 kg CO 2 eq/bbl (SI Appendix, Table S25 ). Other direct GHG emissions arise from the use of associated gas as fuel for the heater treater, flaring of volatile organic compounds that separate from crude tanks at the pad, the flare pilot (i.e., a small, continuous flame that will ignite hydrocarbons when needed), and flaring of associated gas during the flowback phase of well completion. There are also GHG emissions associated with the generation of electricity used by the pumping unit (pump jack). These GHGs are not emitted at the pad; most are emitted at centralized offsite fossil-fueled power plants. GHG emissions associated with operation of the pumping unit constitute the second largest source of upstream GHG emissions: The life cycle GHG emissions associated with grid power used in this LCA were 691 kg CO 2 eq/MWh (Methods and SI Appendix, Fig. S11 ).
Estimates for upstream freshwater consumption are reported in Fig. 2 . Hydraulic fracturing and batch treatments of corrosion and scale inhibition are the largest direct consumers of freshwater over the life cycle of the well. However, grid electricity used by the pumping unit consumes water as well: large-scale power plants consume freshwater due to closed-loop cooling and other operations associated with extraction of power plant fuel (e.g., coal mining) (15) . Freshwater consumption associated with Bakken crude is very time dependent: hydraulic fracturing occurs at the beginning of the well life cycle, whereas batch treatments of corrosion and scale inhibitor (which require freshwater diluent; SI Appendix, section 4.2.5.2), presently amount to around 200 barrels per month and decrease with decreasing production of the well over its life. Freshwater consumption associated with grid electricity use also decreases with decreasing production, due to decreased power consumed by the pumping unit.
The upstream phases of the Bakken life cycle account for 40% of the freshwater consumption from the well to the refinery-about a third of the life cycle freshwater consumption. We note that these Fig. 1 . Upstream GHG emissions expressed in IPCC AR5 GWPs (100 y). Total GHG emissions over the well life cycle are amortized over the expected ultimate recovery (EUR) of the well. Relative emissions of CH 4 and CO 2 associated with flaring reflect a 98% flare efficiency (41) . XTO, calculated from XTO data; ND, calculated from data available from the North Dakota Department of Mineral Resources (42) . GHG emissions associated with (19) "other sources" are reported in the SI Appendix, Table S25 . Emissions associated with flaring are highlighted.
estimates include the freshwater consumption associated with all contributors to grid electricity except hydropower (Methods).
Well to Wheel. The life cycle [well to wheel (WTW)] GHG emissions associated with Bakken-derived gasoline are reported in Fig. 3 using the common functional unit of "megajoule (LHV) of gasoline." More than 80% of the GHG emissions associated with Bakken occur when refined products are used as transportation fuels (tank to wheel); GHG emissions from well to tank (WTT) constitute 18% of the life cycle GHG emissions. GHG emissions associated with the upstream phases (drilling, completion, and production) constitute 8.9% of the life cycle GHG emissions; 3.1% of life cycle GHG emissions arise from flaring due to challenges or constraints on existing gathering systems. Only 0.6% of life cycle GHG emissions are due to operations associated with hydraulic fracturing and flowback flaring, including proppant and additive manufacture and transport. Absolute values of these and other GHG emissions are reported in SI Appendix, Tables S25  and S26. In Fig. 1 , we showed that the upstream GHG emissions for Bakken are 44 kg CO 2 eq/bbl. As we show in Fig. 3 , refining of Bakken in a medium conversion refinery featuring fluidized catalytic cracking and no residual oil conversion results in 24.7 kg CO 2 eq/bbl (5.9 g CO 2 eq/MJ gasoline) of direct GHG emissions and 2.5 kg CO 2 eq/bbl (0.60 g CO 2 eq/MJ gasoline) associated with purchased electricity from the US grid (Methods), assuming no power is cogenerated at the refinery. This estimate is consistent with the reported GHG emissions from the Tesoro Mandan refinery (649,000 ton CO 2 eq in 2013), which processed about 60,000 barrels per day of Bakken crude in 2013 (16) .
The physical properties of Bakken crude substantially reduce the GHG emissions associated with its refining relative to heavy (i.e., low API/high density) and "sour" (i.e., high sulfur content) crudes. Bakken crude has a low sulfur content (0.097% by mass; SI Appendix, Table S15 ); hence, the hydrocarbon streams generated via refining require less hydrotreating. Moreover, catalytic reforming of the relatively large naphtha fraction of Bakken and other tight crudes yields more than enough hydrogen to meet the demand from the hydrotreaters. Hence, the carbon-intensive process of steam methane reforming (SMR) is not likely to be needed to produce refined products from this feedstock. Many refineries currently processing crude produced in the Bakken formation do not have a SMR, including Tesoro's Mandan refinery in North Dakota and both refineries (Delta Trainer and Philadelphia Energy Solutions) in the Philadelphia metropolitan area (17) . Other tight oil crudes such as Eagle Ford and Niobrara may have similar Total freshwater consumption over the well life cycle is amortized over the expected ultimate recovery (EUR) of the well. Freshwater is directly consumed by hydraulic fracturing and (batch) corrosion and scale inhibition. By contrast, the consumption of electricity by the pumping unit indirectly consumes fresh water: this fresh water is consumed at large scale power plants (coal, natural gas, nuclear) not located at the well pad. In our analysis, we have not included freshwater consumption associated with hydropower. XTO, estimate is made using data from XTO Energy. Thirty-nine percent of the upstream freshwater consumption is associated with hydraulic fracturing. refinery GHG emissions as a consequence of their similar properties (SI Appendix, section 5.6).
A breakdown of the life cycle (well to wheel) freshwater consumption associated with Bakken-derived gasoline is illustrated in Fig. 4 . The largest freshwater consumer is the refinery (∼0.65 bbl consumed/bbl gasoline, or 0.13 bbl consumed/MJ gasoline), with other operations including hydraulic fracturing and grid electricity used by the pumping unit consuming smaller quantities.
Similar results were obtained for the life cycle impacts associated with diesel manufactured from Bakken (SI Appendix, Figs. S33 and S34). For the base case (gas hookup throughout production), life cycle GHG emissions were 90 g CO 2 eq/MJ LHV (WTT: 15 g CO 2 eq/MJ LHV), and life cycle freshwater consumption was 1.22 bbl freshwater/bbl diesel.
Flaring of Associated Gas. As we have discussed, our base case Bakken well is connected to a gas gathering pipeline after the well is completed. Current regulations in North Dakota permit operators to flare associated gas from the first well drilled at a well pad for up to a year without a gas pipeline, i.e., all gas that is not used at the pad is flared until the well is connected to a gathering system. However, subsequent wells are subject to North Dakota flaring order limits. We illustrate the dependency of the well to tank and life cycle GHG emissions on flaring due to lack of gas pipeline connection in Fig. 5 .
If gas is flared for the first 6 mo of production, the increase in life cycle GHG emissions will amount to 2.8 g CO 2 eq/MJ gasoline (3.2%); an additional 6 mo of flaring results in an additional 1.7 g CO 2 eq/MJ gasoline (1.8%). A similar trend is observed for diesel. The impact on the time interval is a consequence of the nonlinear decline of production of Bakken wells: as time proceeds, less gas is produced. Decline in production also induces a secondary effect in the LCA: in the absence of a gas pipeline connection, all GHG emissions resulting from flaring of associated gas are allocated to the crude, and less gas is sold as a coproduct over the well life cycle. Therefore, the fraction of upstream GHG emissions allocated to associated gas will decrease. For instance, GHG emissions associated with heater treater fuel use are 5.14 kg CO 2 eq/bbl crude for a well connected to a gas pipeline through its life cycle. However, if the net associated gas (i.e., gas not used as fuel at the pad) is flared for the first 12 mo of the well lifetime, GHG emissions associated with the heater treater rise to 5.41 kg CO 2 eq/bbl.
Flaring of associated gas due to the absence of a gathering pipeline connection has a smaller impact on the life cycle GHG emissions than the WTT GHG emissions because most of the life cycle GHG emissions are associated with the combustion of finished fuels (e.g., gasoline). The life cycle GHG emissions for all four flaring scenarios are less than or equal to the US EPA Renewable Fuel Standard 2 (RFS2) baseline of 94 g CO 2 eq/MJ LHV (18) .
Characterization of Uncertainty and Variability. The results thus discussed quantify life cycle impacts of Bakken crude calculated using averages of datasets (e.g., the average flowback gas volume) or average values of random variables (e.g., the volume of hydrocarbon vapors that evolve from crude in a tank) of wells in the Bakken. In practice, a range of life cycle impacts may result due to variability (actual differences in operations or conditions by life cycle phase, actual differences in refinery configuration, etc.). Moreover, parameters used in the LCA have intrinsic uncertainty that cannot be reduced without the acquisition of additional measurements. To quantify the ranges of life cycle impacts due to uncertainty and variability, we used Monte Carlo (MC) simulation (Methods). In all simulations, we used a medium conversion refinery with an FCC and no gas oil hydrocracking, which is typical of the type of refinery processing Bakken today. Moreover, the types of refinery expansions currently being considered by industry are represented by this PRELIM configuration, i.e., increasing distillation and FCC capacity (19) .
Results of our Monte Carlo simulations for life cycle GHG emissions associated with Bakken-derived gasoline are illustrated in Fig. 6 ; results for crude and diesel are reported in SI Appendix, Figs. S43 and S47, respectively. GHG emissions associated with the Bakken upstream range from 32 to 71 kg CO 2 eq/bbl (80% CI); life cycle GHG emissions associated with Bakken gasoline range from 87 to 94 g CO 2 eq/MJ LHV, and those of Bakken diesel range from 88 to 94 g CO 2 eq/MJ LHV. The range of life cycle GHG emissions is largely driven by the variability in the expected ultimate recoveries (EURs) of Bakken wells. The life cycle GHG emissions are not as sensitive to any other individual factor (SI Appendix, Fig. S38 ). For example, variability due to EUR is much larger than the effect of flaring of associated gas due to absence of a pipeline connection (SI Appendix, Fig. S38 ). For this reason, we conclude that the method by which EUR is calculated from production time series is critical to the accuracy of the results of an LCA of tight oil (Methods).
In SI Appendix, Figs. S46 and S49, we report the results of our MC simulations for the upstream and life cycle freshwater consumptions, respectively. Freshwater consumption associated with the Bakken upstream ranges from 0.25 to 0.96 bbl/bbl crude (80% CI); life cycle freshwater consumption associated with Bakken gasoline ranges from 87 to 94 bbl/bbl gasoline, and the freshwater consumption for Bakken diesel ranges from 88 to 94 bbl/bbl diesel. Unlike GHG emissions, the range of upstream freshwater consumption is driven by a combination of the ranges of the freshwater consumption associated with hydraulic fracturing, scale and corrosion inhibition, and the ultimate recovery of oil from the well. Life cycle impacts are also defined by several factors: both those associated with the upstream as well as EUR, and refinery freshwater consumption. The results of sensitivity analyses for both upstream and life cycle results are reported in SI Appendix, Figs. S40-S42 . Freshwater consumption associated with hydropower is excluded. Refinery electricity use (MWh/bbl gasoline) was estimated via the PRELIM model, and freshwater consumption associated with grid electricity (bbl/MWh) was calculated using the data in the US EIA electricity data file and estimates of generator freshwater consumption from NETL and NREL. Thirteen percent of the life cycle freshwater consumption is associated with hydraulic fracturing. EM, average ExxonMobil refinery freshwater consumption. 1 bbl gasoline = 5,144 MJ (LHV basis).
Comparison with Other Studies. Generally speaking, detailed comparisons cannot be made among the findings of alternative LCAs of similar products due to different methods of modeling, types of input data used, system boundaries, etc. However, it is informative to compare among alternative studies. In SI Appendix, Fig. S50 , we compare our findings to other frequently cited studies of life cycle impacts of petroleum fuels (18, (20) (21) (22) (23) (24) . We only compared our results to studies that explicitly reported CO 2 , CH 4 and N 2 O emissions, thereby allowing for the expression of all study results in terms of 100-y GWPs reported in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5). Generally speaking, our estimate of life cycle GHG emissions associated with Bakken-derived gasoline are consistent with estimates of life cycle GHG emissions associated with gasoline derived from other sources (92-96 g CO 2 eq/MJ). One exception is the estimate of the recently published WTW study of the Joint Research Centre-EUCAR-CONCAWE (JEC) collaboration (23) . The JEC reports an estimate of 87 g CO 2 eq/MJ, which is the lowest estimate of well to wheel GHG emissions among these studies.
Differences among alternative LCAs of refined products may be attributed to different modeling assumptions, particularly regarding refining, crude production, transportation, and the impacts associated with electricity. Moreover, they have included different crudes. For instance, the NETL Petroleum Baseline and GHGenius (20) explicitly include oil sands among the crudes used to manufacture the average megajoule of gasoline.
Discussion
In this work, we discussed the impact of current Bakken operations, but changes in operations are already in progress. For instance, many operators delay production until a gathering pipeline is connected to the equipment at the pad: a practice preceding North Dakota Industrial Commission (Flaring) Order 24665, which required the capturing of 74% of associated gas by the end of 2014, 77% of associated gas by March 2016, and greater limits being phased in thereafter (25) . Furthermore, new developments in separations technology require less fuel than current heater treaters, further lowering GHG emissions at the pad. Increasing the capacity of gathering systems to eliminate production-related flaring would decrease life cycle GHG emissions from 89 to 87 g CO 2 eq/MJ (2%).
During the preparation of this manuscript, Brandt et al. published an LCA of Bakken crude at the website of Argonne National Labs (26) . This study, like ours, used data from the North Dakota Department of Mineral resources. However, the data inventory did not include flowback gas volumes or Bakken-specific refinery GHG estimates. Due to the minimal impact of flowback flaring, their estimate of GHG emissions from well to refinery gate (i.e., all operations preceding the refinery) was 8.8 kg CO 2 eq/MJ gasoline, similar to ours (Fig. 3) . However, Brandt et al. overestimated refinery emissions, resulting in an overestimate of the life cycle GHG emissions associated with gasoline refined from Bakken crude. Both studies report similar emissions to the US Environmental Protection Agency (EPA) Petroleum Baseline.
There are considerably fewer investigations of freshwater consumption to which we may compare our own, as tight oil is an emerging energy resource. Recently, Scanlon et al. (27) estimated the freshwater consumption associated with hydraulic fracturing of Bakken crude from the Central Basin to be 3.08 million gallons (gal)/well, which is consistent with our data (mean: 3.06 million gal/well, 80% CI: 2.5-3.6 million gal/well; SI Appendix, Fig. S17 ). They also estimated volumes ranging from 0.82 to 2.01 million gal/ well for other regions of the Bakken tight oil play. However, they adopted an EUR of 8.2 × 10 6 gal of oil equivalent per well (195 kbbl/well), which is about half our estimate of the average Bakken well EUR. This results in a large difference between our estimate of freshwater consumption per barrel of crude produced over the well lifetime and that of Scanlon et al. As we discussed previously, this illustrates the importance of the EUR in LCA of tight oil.
King and Webber (28) and the researchers at Argonne National Laboratory (24) were among the first to assess the life cycle freshwater consumption associated with products refined from crude oil. Our findings for the Bakken life cycle substantially disagree with these studies due to (i) differences in upstream operations and (ii) differences in life cycle inventory data. Previous studies associated upstream water consumption with "water flooding," steam injection, and/or CO 2 injection for enhanced oil recovery (29) ; however, none of these operations are used for tight oil wells in the Bakken or elsewhere (e.g., the Eagle Ford). Hence, Argonne's estimate of 26.48 gal of freshwater are consumed for every MMBtu of crude produced on-shore, which is a factor of 10 larger than our estimate of upstream freshwater consumption, is not pertinent to Bakken crude. Furthermore, Argonne estimates refinery freshwater consumption at "1.53 gal of water is consumed for each gallon of crude" (29) , which is based on earlier studies (30) (31) (32) . However, as our data show (SI Appendix, Fig. S25 ), ExxonMobil refineries consume less than half of this volume of freshwater on average.
To our knowledge, our LCA is the first to assess the GHG emissions and freshwater consumption associated with corrosion and scale inhibition. In some cases, corrosion and scale inhibitors are added continuously, usually due to high salt concentrations in the produced water. In such cases, freshwater is not injected along with the inhibitors. Our LCA featured a representative distribution of wells using both continuous and batch treatments for corrosion and scale inhibition (SI Appendix, section 4.2.5.2).
Ultimately, GREET 2014 reports 71 gal freshwater consumed/ MMBtu (LHV) of gasoline (about 8 bbl/bbl gasoline, and 29 gal freshwater consumed/MMBtu (LHV) of diesel (about 3.7 bbl/bbl diesel). By contrast, King and Webber, using similar assumptions regarding conventional production practices, arrived at a life cycle water consumption of 1.4-2.9 bbl/bbl (28) . Although our estimates of life cycle freshwater consumption for Bakken are lower than both previous estimates for conventional crudes, we do not believe there is sufficient evidence to claim that life cycle freshwater consumption for tight oil is less than that of "conventional" crudes produced on-shore. Estimates of freshwater consumption for enhanced oil recovery (EOR) used by previous studies appear to be >20 y old and are possibly nonrepresentative for current operating practices (32) . Therefore, the apparent difference between Bakken and other crudes produced on-shore may be due to old data or modeling artifacts.
Recently published work has called attention to fugitive emissions in the Bakken shale play (33) (34) (35) . Some of these studies used satellite or airplane flux measurements, i.e., top-down approaches. Such approaches measure or estimate emissions that fall outside of the oil system boundary, such as fugitive emissions associated with gathering pipelines, compressors, and gas treatment and processing plants. To construct a bottom-up inventory of GHG emissions for the entire Bakken shale play, one would need to quantify these impacts and integrate them with the impacts assessed in this study. These impacts would be different from those associated with other "rich" gases (e.g., those of the western Marcellus) due to differences in the operating pressures of the gathering systems as well as gas composition. These differences, in turn, necessitate different technologies for separating natural gas liquids from the associated gas, which will change the emissions profile for the gas in the Bakken (36). Although we have not investigated these impacts in this study, they could be investigated in future work.
One recent study has, however, revealed specific equipment sources of fugitive emissions via helicopter-based infrared camera surveys of Bakken pads (35) . That study reported 13.8% of Bakken pads yield fugitive emissions and that 93% of those emissions were associated with tank vapors. As SI Appendix, Fig. S20 shows, tank vapors have an average methane composition of 20% (volume). The other hydrocarbon components are not greenhouse gases, but do yield two to seven times more CO 2 than methane on combustion as a consequence of stoichiometry. Therefore, the GHG emissions associated with venting tank vapors are slightly lower than those for flaring them (SI Appendix, section 4.2.3). If one were to model the disposition of tank vapors as being vented (e.g., via a leaky tank hatch) rather than flared, then the upstream GHG emissions decrease from 44 ( Fig. 1 ) to 43 kg CO 2 eq/bbl, and the life cycle GHG emissions decrease from 89.1 to 89.0 g CO 2 eq/MJ gasoline. Although fugitive emissions do not impact the carbon intensity of Bakken crude fuels, we believe experimental investigations of tank vapor and other crude-specific emissions akin to the investigations of Allen et al. for natural gas systems (37) (38) (39) are timely.
Conclusions
Our data-driven results show that there is a significant overlap between the ranges of life cycle (well to wheel) GHG emissions associated with Bakken tight oil and the recent mixture of crudes refined in the United States. Moreover, upstream flaring has a relatively small effect on the life cycle GHG emissions. Indeed, our comprehensive analysis shows that the life cycle GHG emissions from Bakken-derived gasoline and diesel are lower than the US EPA's petroleum GHG emission baselines for the Renewable Fuel Standard (18) , regardless of the duration of flaring. If associated gas is flared for the first 12 mo of production (370 mo over the average well life), life cycle GHG emissions associated with the refined products will increase by 5% on average (4.5 g CO 2 eq/MJ gasoline, 4.2 g CO 2 eq/MJ diesel), still remaining on par with the EPA baseline.
As our findings illustrate, the largest GHG emissions sources of the Bakken upstream are (i) flaring of associated gas during production, (ii) prime movers associated with the pumping unit, (iii) fuel consumption associated with heater treaters, and (iv) flaring of tank vapors. However, conventional crudes extracted from onshore reservoirs often feature additional operations over their life cycles, including those associated with secondary and tertiary recovery. Sound comparison of the GHG emissions associated with conventional and tight crudes requires explicit consideration of the time evolution of field operations over their life cycles. We considered the time evolution of Bakken production in this LCA, but the time evolution of conventional crude production has not been sufficiently captured in previous studies. Therefore, we believe new research addressing the freshwater consumption associated with conventional on-shore production, including EOR, is timely and will help quantify differences, if any, between the freshwater consumption associated with tight and conventional crudes.
Methods
The goal of this investigation was to estimate the life cycle or cradle to grave GHG emissions and freshwater consumption associated with gasoline and diesel refined from Bakken crude. The estimates are intended to (i) facilitate comparisons with previously reported estimates of life cycle GHG emissions for gasoline and diesel (i.e., sourced from other crudes), (ii) evaluate the impacts associated with specific operations (e.g., flaring), and (iii) explicitly investigate the effects of modeling choices on the results (e.g., allocation of impacts at the refinery).
We used a functional unit of megajoule of fuel combusted (LHV basis) for both gasoline and diesel, adopting a common metric for liquid fuels. However, we note that comparison of the life cycle GHG emissions associated with diesel and gasoline necessitates consideration of the engine efficiencies and drive cycles associated with vehicles that use these fuels, i.e., a functional unit of miles of transport (for light duty vehicles) or ton-miles of transport (for heavy-duty vehicles). Therefore, results for diesel and gasoline reported in this work should not be directly compared with each other.
System Definition. The tight oil system boundary included operations such as drilling, hydraulic fracturing, separation of crude, produced water and associated gas at the pad, flaring, transportation of crude, refining, transportation of refined products, and end use (e.g., combustion as fuel for vehicles). We also include the life cycle GHG emissions and freshwater consumption associated with the generation of electricity used in these processes, cementing and casing of wells, proppant and gel frac additives used for hydraulic fracturing, and scale and corrosion inhibitor used during the production phase of the well life cycle. Additional details including an illustration of the system boundary are provided in SI Appendix, section 1 and Fig. S1 . We note that equipment and operations associated with the associated gas gathering system (e.g., gas compression and dehydration) are not included in the system boundary, following the approaches of the US EPA (40, 41) and prior LCAs of petroleum-derived gasoline (20) . The magnitude of fugitive emissions associated with the crude oil pathway are tested in the sensitivity analysis.
In September 2015, the North Dakota Department of Mineral Resources oil and gas database (42) reported that 92% of ∼10,000 Bakken wells were connected to gas gathering systems (SI Appendix, section 1.1.1). The production from these pools exceeded 95% of the oil production from North Dakota. Therefore, we defined our base case Bakken well configuration to be a well featuring a pipeline connection for gas from the beginning of production, i.e., gas is flared only during completion and as a consequence of upsets associated with infrastructural constraints. We then explored the impact of pipeline capacity constraints in the sensitivity analysis.
Impact Assessment. We assessed freshwater consumption and GHG (CO 2 , CH 4 , and N 2 O) emissions in this study. GHG emissions were quantified in terms of CO 2 equivalents, using 100-y GWPs from the Fifth Assessment Report of the IPCC (43) (AR5), in accordance with the recommendations of the Kyoto protocol (44) . The GWPs for methane and N 2 O (100-y, AR5) are 30 g CO 2 eq/kg CH 4 and 265 kg CO 2 eq/kg N 2 O, respectively. Methane emissions primarily arise as a consequence of uncombusted associated gas and fugitives associated with heater treaters and gas meters.
Coproduct Accounting. In addition to oil, Bakken wells produce water and (associated) gas. Associated gas is used as a fuel for equipment at the well pad, sold as a coproduct, or flared when no infrastructure exists or is insufficient. Therefore, environmental impacts associated with drilling, completion, and production (including flaring) are allocated to both oil and gas.
Upstream GHG emissions and freshwater consumption are allocated to oil and associated gas that is delivered to a gathering pipeline. GHG emissions associated with the flaring of associated gas due to the absence of a pipeline connection are completely allocated to crude because there is no coproduct in this case. However, GHG emissions associated with flaring caused by capacity constraints are allocated to both associated gas and oil. In the base case, 78.4% of the upstream GHG emissions and freshwater consumption are allocated to crude oil, corresponding to the relative amounts of energy of crude oil and associated gas sold. We explore the sensitivity of this allocation in SI Appendix, section 5.3.1 and 5.3.2.
Downstream GHG emissions are allocated to gasoline, jet fuel, ultra-low sulfur diesel, heating fuel oil, bunker fuel/asphalt, petcoke, and surplus H 2 generated via catalytic reforming of naphtha (if any), subject to the limitations of the PRELIM model. The product slate is defined by the refinery configuration and crude characteristics. Light end products are used as refinery fuel gas, representing an upper bound for GHG emissions and a lower bound for resource utilization (e.g., LPG is not part of the product slate, nor are chemical feedstocks such as ethylene).
In plant-level allocation, refinery impacts are allocated to refined products in proportion to their fractions of the energy (or mass) of total refined products. Process-level allocation, by contrast, requires explicit accounting of material through each unit of the refinery. The PRELIM model used for the estimation of refinery impacts accounts for the flows of hydrocarbons through individual refinery process units. Therefore, we were able to investigate the effect of both allocation methods. In our base case, we use process-level allocation.
Environmental impacts for all operations up to and including the refinery are allocated to the aforementioned refined products via energy content.
Sensitivity and Scenario Analysis. There are several sources of uncertainty and variability in the well to tank emissions of Bakken crudes that must be taken into account to inform decisions about the implications of GHG emissions. These sources include variability in performance across wells (e.g., estimated ultimate recovery of oil) and variability in operating conditions (e.g., emissions intensity of electricity consumed). We conducted sensitivity analyses to explore the effect of variability and uncertainty on our estimates of life cycle GHG emissions. SI Appendix, Tables S30 and S31 summarize the variables that are included in the uncertainty analyses.
We evaluated the sensitivity of our results to flaring associated with lack of infrastructure as follows: we considered scenarios in which associated gas is flared due to lack of pipeline connection for the first 3, 6, and 12 mo of production. In these scenarios, the impacts associated with flaring are allocated entirely to oil. As previously discussed, our base case scenario features a pipeline connection for gas from the beginning of production, i.e., gas is flared only during completion and as a consequence of upsets associated with infrastructural constraints. We conducted assessments for a maximum of 12 mo of flaring because the US Bureau of Land Management limits flaring to 1 y for "onshore federal and Indian oil and gas leases" (45) and North Dakota Industrial Commission (Commission) order no. 2466549, which limited flaring to 15% of produced gas in 2015. From our production data, we estimate that Bakken wells will produce 110 million scf (MMscf) in the first year and 505 MMscf over the well lifetime. Thus, we consider flaring of gas for the first 12 mo to be an appropriate upper limit for our sensitivity analysis.
We considered the sensitivity of our results to the refinery configuration: the use of plant-wide or process-level allocation at the refinery. A sensitivity analysis evaluating the effect of plant-level and process-level allocation is reported in SI Appendix, Figs. S38 and S39 and Tables S26 and S27. We also investigated the effect of mass-vs. energy-based allocation in our sensitivity analysis (SI Appendix, Figs. S38 and S39).
MC Simulation. To quantify the ranges of life cycle impacts due to uncertainty and variability, we used MC simulation, adopting the procedure described by Laurenzi and Jersey (36) . Each of the variables listed in SI Appendix, Table S30 was selected randomly from its distribution or data set in each MC trial. Through testing, we determined that 5,000 MC trials were sufficient to characterize the distributions of GHG emissions and freshwater consumption associated with the life cycle of Bakken crude, as well as individual life cycle phases. Emissions associated with combustion of gasoline and diesel were considered constant in these simulations; the coefficient of variation for these emissions has been reported to be 2% (46) . Direct refinery GHG emissions per barrel of crude were also considered to be constant.
Characteristics of Bakken Hydrocarbons. Bakken is a light, sweet crude (API > 38, sulfur < 0.5%wt). The hydrocarbon-rich associated gas has a methane content of 52.8% by volume. Additional characteristics are reported in SI Appendix, Table S15 . Based on the raw gas composition, we estimate GHG emissions of 0.0886 kg CO 2 /scf of combusted associated gas and 0.3064 kg CO 2 eq/scf of vented or fugitive associated gas.
Electricity and Fuel Impacts. Fuels and electricity are used in many processes throughout the life cycle of Bakken crude. Impacts associated with US electricity were estimated from National Energy Technology Laboratory (NETL) and Argonne LCAs of power generation (24, 47) and the US grid mix of 2013. Impacts associated with the use of non-Bakken-derived diesel (e.g., for drilling) were adopted from the NETL Petroleum Baseline study (20) (SI Appendix, Table S9 ) and King and Webber (28) . Additional details associated with electricity and fuel impacts are provided in SI Appendix, section 2.
Transportation Impacts. Refined products are transported by pipeline, rail, truck, and waterway. We followed the method used by NETL (20) to assess the life cycle impacts of each mode of transport using updated data sources (48) (49) (50) . Electricity consumption associated with pipelines for both crude and refined products was modeled using data reported by Hooker (51) for seven pipeline operators in 1981, which should serve as a conservative upper bound for electricity use. Additional details are provided in SI Appendix, section 2.2.
Production Impacts. For about 3 mo after well completion, oil, gas, and water flow due to natural pressure differences between the reservoir and surface. Subsequently, a pumping unit (pump jack) will be used for artificial lift. Some of the gas is used as fuel for the heater treater (and in some cases, an engine that drives the pumping unit); the rest is sold or flared. Water and oil flow from the heater treater to separate tanks. Hydrocarbon vapors entrained in the crude and water evolve from solution and flow through piping to the flare. In this LCA, we have not considered vapor recovery from the tanks (i.e., repressurization and injection of tank vapors into the gathering system).
The EUR of wells is a key factor in the environmental assessment of tight oil. In this study, we calculated EURs for 3513 hydraulically fractured Bakken wells (horizontally) drilled since 2010, using production data from the IHS Enerdeq service (52) . The wells were drilled and completed by all Bakken operators. We regressed EURs from production data using the technique of Ilk (53) , as it is well suited for modeling of unconventional gas and oil production. Well lifetimes were estimated concurrently using the same dataset. We then excluded wells for which water production and oil production data were incomplete. Production figures (kbbl crude, kbbl produced water, EUR, and well lifetime) for the resulting 2264 wells were ultimately used. The average EUR is 372 kbbl, and average lifetime is 370 mo. Additional production data are provided in SI Appendix, Table S16 and Fig. S12 .
We also used production data from 57 wells drilled and completed by XTO Energy (an ExxonMobil affiliate) in 2013. These data included gas oil ratios, lengths of well casings, liners and tubing, cement use, proppant use, diesel use for hydraulic fracturing and drilling, and flowback gas volumes. Key data and statistics for these wells are reported in SI Appendix, Table S17 .
Additional data and figures of pertinence to the assessment of impacts associated with casings (54), cement, corrosion and scale inhibitors, hydraulic fracturing additives, artificial lift (operation of the pumping unit), fugitives (40) , tank recirculation pumps (55), tank vapors (56), class II disposal of produced water, flaring due to infrastructural constraints (46) , and crude transportation modes (13) and distances are provided in SI Appendix, section 4.1. XTO Energy uses the same service providers used by other oil and gas companies for drilling, hydraulic fracturing, and other upstream operations that directly generate GHG emissions. Therefore, it is highly likely that the analysis we conducted is representative of the industry generally, although we have not conducted a formal survey of service providers to compare practices for XTO wells with practices for other wells. XTO produced about 6.5% of Bakken production in 2015.
Fugitive emissions associated with heater treaters (which use mechanical dump valves in lieu of pneumatic level controllers) and gas meters (which delineate the boundary between the gas and oil system boundaries) were modeled using emission factors from the EPA GHG Inventory (40) .
GHG emissions associated with flowback flaring depend on the flare efficiency, i.e., the fraction of gas that is combusted. In this analysis, we use a flare efficiency of 98%, following the convention of the US EPA (41) . In our sensitivity analysis, we varied the flare destruction efficiency from 90% to 100% to investigate its effect on the upstream and life cycle GHG emissions (SI Appendix, section 5.3.1). We model the gas that is not combusted (2%) as vented.
Refining Impacts. We used the PRELIM to estimate the GHG emissions and product slates associated with the refining of Bakken crude (9, 10) . PRELIM is a mass and energy based process unit-level tool that permits estimation of energy use and GHG emissions associated with processing of specific crude oils within a range of configurations in a refinery. In PRELIM, a material balance connects the different process units along with flow splitters that together simulate different refinery configurations, whereas flows are split using ratios that have been obtained from discussions with (non-ExxonMobil) refinery experts (SI Appendix, section 4.4.1).
Two Bakken crude oil assays were analyzed, to investigate the sensitivity of the results to the particular assay. The model was run for both assays in all seven refinery configurations: hydroskimming, medium conversion [with FCC, with gas-oil hydrocracking, and with FCC and gas oil hydrocracking (GO-HC)], and deep conversion with FCC, with GO-HC, and with FCC and GO-HC. These sets of runs were conducted with both mass-and energy-based allocation to refined products to investigate the impact of allocation method on the results. Mass or energy allocation methods were used to allocate the GHG emissions to all final products [i.e., gasoline, jet fuel, diesel, fuel oil, bunker C, coke, sulfur, and naphtha catalytic reformer (NCR) hydrogen, if a surplus of hydrogen existed], subject to the refinery configuration. For instance, if a surplus of hydrogen was produced for a particular run, then emissions would be allocated to it. In all PRELIM runs, results were reported based on the higher heating values (HHV) of final products, and we considered only straight run naphtha to be fed to the NCR. Additional information is provided in SI Appendix.
Some refinery process units use water as a heat transfer medium for cooling or heating, whereas others use water directly in refinery processes. Although refineries reuse steam, process water and cooling water, some water is lost due to evaporation (e.g., in cooling water towers), blowdown, or other processes. This water is consumptively lost, and is replenished with fresh water. PRELIM does not currently account for freshwater consumption. Therefore, we modeled freshwater consumption for refining using data from 32 ExxonMobil refineries in 2013 (SI Appendix). The average refinery freshwater consumption is about 0.7 bbl/bbl crude refined; the median is about 0.5 bbl/bbl crude refined. We allocated freshwater to refined products at a plant-wide level.
Fuel Combustion. GHG emissions associated with the combustion of fuels refined from Bakken crude (tank to wheel) are adopted from GREET 2013 (24) (SI Appendix, Table S10 ).
